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a b s t r a c t
Themachinery of DNAmismatch repair enzymes is highly conserved in evolution. The process is initiated
by recognition of a DNA mismatch, and validated by ATP and the presence of a processivity clamp or a
methylation mark. Several events in MMR promote conformational changes that lead to progression
of the repair process. Here we discuss functional conformational changes in the MMR proteins and we
compare the enzymes to paralogs in other systems.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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1. Introduction
The enzymes that execute DNA mismatch repair (MMR) are
highly conserved from prokaryotes to higher eukaryotes. MMR is
able to correct most base–base mispairs, but also small insertions
or deletions loops (IDLs) [1–4]. Defective MMR results in a muta-
tor phenotype and in cancer in humans. MMR also plays roles in
prevention of recombination between close homologs, in triplet
repeat expansion, in meiosis and signaling [5a–d]. In this review
we zoom into the conservedmolecularmachinery ofMMRand give
an overview of the structures of the MMR enzymes, with particular
emphasis on their activation cycles.
1.1. The basic MMR cycle
To understand how the general MMR system works, the bacte-
ria Escherichia coli is widely used as a model organism [6]. In E. coli,
MMR involves the following cascade: ﬁrst, the MutS protein rec-
ognizes and binds a mismatch in DNA. MutS then binds adenosine
triphosphate (ATP) andundergoes a conformational change to form
a sliding clamp on DNA [7,8]. MutL speciﬁcally binds to this MutS
sliding clamp [9–11], and then activates the endonuclease MutH
[12]. MutH is able to discriminate between daughter and parent
DNA strands by the absence of adenine methylation at d(GATC)
sites within newly synthesized DNA, and functions to make a nick
in the daughter strand. MutL also activates the helicase UvrD [13],
which unwinds the DNA starting from the nick, while exonucleases
remove the unwound strand, thereby eliminating the newly incor-
porated mispaired nucleotide. The DNA can then be resynthesized
by theDNApolymerase III complex, afterwhich ligase seals thenick
[2].
In other organisms MutS and MutL homologs are present
that follow essentially these same initiation steps, although
they can present a more complex picture. In eukaryotes the
homodimeric proteins have become heterodimers and functions
have split between different variants. In humans, MutS forms
a heterodimer of MSH2 and MSH6 and recognizes base–base
mismatches, whereas MutS consists of MSH2 and MSH3 and rec-
ognizes primarily longer insertions and deletions. Additional MutS
homologs are involved e.g. in meiosis (MSH4/5) [5c] or mitochon-
drial DNA mismatch repair (MSH1). MutL (human MLH1/PMS2)
is the main MutL protein complex that functions in MMR [15,16],
although MutL (MLH1/MLH3) has a partially redundant func-
tion [17,18]. A major difference between E. coli and most other
organisms is that in other organisms daughter strand incision is
performed by an endonuclease activity in MutL homologs [19].
WhenExoI ispresent, nicksbetweenOkazaki fragments canbeused
as a starting point for repair in 3′–5′ in the lagging strand [3,20,21].
Association of the MMR proteins with the replication sliding clamp
PCNA is thought to direct strand discrimination [22–24].
TheMMR systemmaintains genomic stability, and itsmolecular
mechanismandefﬁciencyhave fascinatedmanyscientists. The sep-
arate MMR steps, the movements of the molecular machines and
the communication of the recognition of an error with the strand
discrimination are increasingly understood. Yet several details of
the MMR cascade remain unclear and the existing models differ in
mechanistic aspects, such as whether MutS leaves the mismatch,
whether looping of DNA is necessary, or howmanyMutLmolecules
are required [7,11,25–28].
2. Functional states of MutS
2.1. Structural organization of MutS
MutS proteins of different species are structurally very similar.
They formdimerswith each subunit consistingofmultiple domains
(Fig. 1A). MutS proteins belong to the ABC (ATP binding cassette)
family of ATPases, of which the members use ATP to regulate their
activity [29]. The main dimerization interface in MutS proteins is
formed by the ATPase domains, thus creating two composite active
sites for ATP.
Two different domains are involved in binding of DNA. The
clamp domains in the dimer embrace the DNA helix, and are
connected to the core of the protein by helices in the lever
domains. Themismatch recognition is performedby theN-terminal
mismatch-binding domains of only one subunit in the prokary-
otic homodimer [30,31], or speciﬁcally by MSH6 in MutS [32] and
predominantly by MSH3 in MutS [33].
The mismatch-binding domain is attached to the connector
domain. This domain is important for interaction with MutL pro-
teins [34], as are the core and ATPase domains [35]. Towards the
C-terminal end of the dimeric association, there is a helix-turn-
helix domain which is required for dimer stability and interacts
with the ATPase domain of the opposite subunit [36]. The last 53
aminoacids form a tetramerization domain [37], which is ﬂexibly
connected to respect to the rest of the structure in E. coli MutS [38].
2.2. MutS cycles through different states
Conformational changes in MutS allow for switching between
the different steps needed for repair (Fig. 2). These steps are
linked to its nucleotide status, in which MutS uses ATP to val-
idate mismatch recognition. In solution, MutS homodimers and
heterodimers hydrolyze ATP in an asymmetric manner [39–41],
generating a complex ATPase cycle [28]. Once a mismatch has been
recognized, the ADP in MutS is rapidly released and exchanged for
ATP [42–44], and ATP hydrolysis is suppressed [40,42,45,46]. Both
binding sites may then become occupied by ATP, which is thought
to induce a conformational change in MutS that signals for repair
by activating MutL [40,43–45]. As MutS can slide on DNA in this
state and releases from DNA ends in biochemical assays, this is
commonly known as the ‘sliding clamp’ state. When MutS has not
encountered a mismatch, ATP binding results in direct release from
DNAand theslidingclampstate isnot reached. Thedifferent confor-
mational states of MutS and their structural features are discussed
below.
2.3. MutS in dimer-tetramer equilibrium
E. coli MutS can transiently tetramerize through interactions
between C-terminal domains of MutS dimers [38,47]. Because of
the unstable nature of the tetramerization, E. coli MutS exists in
equilibriumof dimers and tetramers in solution. The exact function
of the tetrameric assembly is unknown, but it has been suggested to
be important for the anti-recombination function of MutS [48]. For
MMR, tetramerization is not essential, as observed by functional
assays with MutS point mutants that cannot tetramerize [37,49].
Truncation of the tetramerization domain results in a mutator phe-
notype [48], but this is likely due to the decreased dimer stability of
the truncation variant. The tetramerization of E. coli MutS results
in prolonged DNA binding by the protein, since the two dimers
within a tetramer can simultaneously bind DNA, making release a
slow event [38].
For the eukaryoticMutS homologs tetramerization has not been
reported, but C-terminus of MutS shows a very similar double
helix-loop-helix fold as the C-terminal domain of the E. coli pro-
tein [33] (Fig. 1) and it is possible that this domain can support
tetramerization as well. A difference between these proteins, how-
ever, is the way that the tetramerization domain is linked to the
rest of the protein. In E. coliMutS, the linker region is ﬂexible,which
allows ‘bending over’ of the dimers within the tetramer [38]. In the
human protein, the C-terminal domains are linked by an -helix of
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Fig. 1. MutS proteins. (A) E. coli MutS and human homologs and their domains. Domains are colored as in the schematic representation in the crystal structure of full-length
E. coli MutS (PDB entry 3zlj). HTH: Helix-turn-helix. (B) Crystal structure of E. coli MutS bound to a GT mismatch (PDB entry 1e3m). (C) Crystal structure of human MutS
bound to a GT mismatch (PDB entry 2o8b). (D) Crystal structure of human MutS bound to an IDL of 3 bases (PDB entry 3thx). (E) DNA mismatch recognition by MutS (PDB
entry 3zlj). Mismatch shown in yellow; phe36 shown in pink; tetramerization domains of mismatch-bound MutS shown in salmon and red. (F) The MutS sliding clamp bound
to the N-terminal domain of MutL (green) (PDB entry 5akb). (For interpretation of the references to colour/color in this ﬁgure legend, the reader is referred to the web version
of this article.)
MSH3 that is resolved in the crystal structure, suggesting a more
rigid conformation.
2.4. Pre-recognition state
DNA-free crystal structures of MutS proteins show disorder of
the DNA clamp domains [31]. Such conformational ﬂexibility sug-
gests a way of ‘opening up’ to allow DNA to enter the MutS dimer.
The opening of the clamp domains would then also function to
release fromDNA if nomismatchwas recognized by themismatch-
bindingdomains. LoadingofMutSontoDNAstabilizes a closedstate
of the clamp domains and in this scanning state rotates along the
DNA backbone axis [8,50–52].
2.5. Mismatch-recognition state
Several crystal structures of MutS or its homologs recognizing
DNA mismatches have been published (Fig. 1): E. coli MutS bound
to DNA mismatches [30,38,39,53], Thermus aquaticus MutS bound
to DNA containing an unpaired thymidine [31], the human MutS
bound to different DNA substrates [32] and human MutS bound
to different DNA substrates [33]. All these structures show similar
arrangement ofMutS dimers, inwhich the clampdomains embrace
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Fig. 2. (A) Schematic representation of the predominant states of the MutS cycle. (1) In solution, MutS is in equilibrium between tetramers and dimers. (2) A MutS dimer
recognizes a DNA mismatch, kinking the DNA at the site of the mismatch. (3) After mismatch recognition, MutS forms an ATP-induced sliding clamp on DNA. (4) The MutS
sliding clamp binds via two interfaces to MutL, which loads MutL onto DNA. (5) MutL promotes downstream events (endonuclease and helicase activities). (6) MutS releases
DNA at a ssDNA region. (7) MutS hydrolyzes ATP and becomes available again for new cycles. (B–E) Highly simpliﬁed schematic representation of ATP-driven motions in
different ABC proteins. (B) ATP binding induces a hinge motion that translocates mismatched DNA to a new channel in MutS proteins. (C) ATP binding by ABC transporters
opens up the protein on the opposite side, thus transporting substrate across a membrane (exporter visualized). (D) ATP binding by Rad50/Mre11 modulates the protein
structure to increase binding to DNA ends [64,93]. (E) Model in which ATP binding is thought to induce dimerization of the head domains of SMC proteins, proposed to entrap
DNA in this way [65].
the DNAduplex and one of themismatch binding domains contacts
the DNA at the site of the mismatch (Fig. 1).
Duringmismatch recognition,MutSproteinskink theDNAat the
site of themismatch; inE. colibyanangle of approximately 60◦ [30].
This kink is produced by insertion of a conserved phenylalanine
stacking on the mismatch. It is thought that this is a way to sample
the reducedhelical stabilitydue todistortedbasepairingof theDNA
[54]. In E. coli, the asymmetry of mismatch recognition initially is
compounded by the asymmetry of the ATPase domains in which
the mismatch-contacting subunit binds ADP [30,44].
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2.6. Sliding-clamp state
Upon mismatch recognition, MutS exchanges its ADP for ATP
andundergoes a conformational change to forma long-lived sliding
clamp on DNA [8,28,50,55]. This can be shown in assays in which
MutS releases fast from DNA ends in the presence of ATP, whereas
MutS remains stably bound to the DNA when the ends are blocked
[38,55,56]. This state is only reached if the presence of a mismatch
is read-out by a glutamate that makes a hydrogen bond with the
mismatch [57]. If this hydrogen bond to the mismatch cannot be
made, the sliding clamp is not formed and repair does not take
place. Stabilization of the ATP state and formation of the sliding
clamp are necessary for MutL binding and initiation of repair.
The sliding clamp conformation of MutS is revealed for the ﬁrst
time in the crystal structure where it is in complex with the N-
terminal domain of MutL (Fig. 1F, [58]). In this conformation, the
subunits in the dimer are tilted across each other, hinging from the
ATPase domains (Fig. 1F). At the same time, the mismatch-binding
and connector domains have rotated outward. The conformational
change pushes the DNA downward into a new channel, and MutS
will be bound as a loose ring around the DNA, explaining how
MutS can freely diffuse on the DNA helix without rotation along
the helical axis [8,50,51].
In the sliding clamp state a new binding site is generated for
MutL, to which both MutS subunits contribute, one by the ATPase
domain andoneby the repositioning of theMutS connector domain
[58]. This positions MutL such that it can be loaded onto the DNA
that runs through the new MutS channel, where it can delay the
complex on the DNA [58,59].
2.7. Release and recycling
As MutS is an ATPase protein, it will hydrolyze its bound ATP
over time. The twoMutS subunits haveATPasedomainswith asym-
metric and alternating ATP hydrolysis activity [28,39,45,60]. In the
absence ofDNA,MutShydrolyzesATP and slowly releasesADP [39].
After mismatch recognition and signaling for repair, it is pos-
sible that the MutS sliding clamp releases DNA at single-stranded
regions [8]where replication is not complete yet, orwhere removal
of the new strand has already started. MutS will then hydrolyze its
bound ATP, and revert to its pre-recognition state in which it is
available again for new cycles of mismatch recognition. If the orig-
inal DNA mismatch is not repaired yet, MutS may bind to it again.
This allows for a model in which multiple MutS proteins are loaded
at the mismatch to activate downstream processors until the error
has been removed. Such rebinding would also be able to account
for directionality of the system towards the mismatch, guided by
repeated MutS localization [11,55].
2.8. Comparison of MutS with other ABC proteins
The ABC superfamily of ATPases, to which MutS belongs, con-
tains proteins that are involved in important cellular processes
such as membrane transport, DNA repair and chromosome con-
densation. ABC proteins contain several conserved motifs in the
nucleotide binding domains overwhich they dimerize forming two
composite ATPase domains. The basic mechanism in these proteins
results fromATP-binding-induced compactingof thedimers,which
can propagate as a movement in the rest of the protein (Fig. 2B–E).
ATPase activity is then thought to reset the proteins for further
cycles [29,61].
Transmembrane ABC transporters actively transfer substrates
across cellular membranes. These transporters undergo large con-
formational changes in which the ATP-bound state opens up one
side of the protein to take up (importers) or release (exporters)
the substrate, while ATP hydrolysis and nucleotide release allows
the substrate to release (importers) or enter (exporters) from the
other side [62,63]. The MR complex (Mre11 nuclease and Rad50
ABC ATPase), which is a sensor for DNA double-strand breaks, uses
ATP binding by the two Rad50 subunits to modulate its structure.
This creates a clamp conformation with increased binding to DNA
ends [64]. In SMC proteins, the cycle of ATP binding by the head
domains is not fully understood. It has been proposed to allow clo-
sure of an SMC dimer as a ring around multiple DNA strands [65],
although opening of the opposite ‘hinge’ domains (equivalent to
the MutS clamp domains) also has been suggested for loading of
SMC dimers [66].
The cycle of MutS proteins is comparable to that of ABC trans-
porters: ATP-induced compaction of the ATPase domains transmits
a hinge-like motion to the rest of the protein, thus actively translo-
cating its substrate DNA to the sliding clamp channel. Different
from ATP transporters, however, hydrolysis of ATP is not known
to destabilize the dimerization of the ATPase domains such that it
opens up the protein at the ATPase domains. This is partially due
to a different binding of the nucleotide, but in addition the helix-
turn-helix and the presence of the ﬂexible linkers to the dimerized
C-terminal domains stabilize the ATPase dimer in MutS and its
homologs.
3. MutL proteins
MutL is essential for MMR and is activated by the MutS sliding
clamp, linking thisMutS signal todownstreamrepair effectors [2,4].
The ﬁrst step needed is activation of an endonuclease to nick the
newly synthesized strand, either MutH in E. coli and other gram-
negative bacteria that have Dam methylases or an endonuclease
domain within MutL in other organisms, residing in PMS2 or MLH3
for the humanhomologs [19]. The nick that is thusmade is required
to unwind and remove part of the new DNA strand. Structural
details of the endonucleases are described below, but ﬁrst we focus
on the conserved aspects of the full-length MutL protein itself.
3.1. Structural organization of MutL
MutL proteins form dimers that contain ﬂexible linkers sep-
arating the C-terminal from the N-terminal domains (Fig. 3).
The primary dimerization interface is formed by the C-terminal
domains, while the N-termini contain ATP-binding sites that
become more structured and dimerize upon ATP binding [67,68].
These N-terminal ATP-binding domains are structurally similar to
the ATPase domains of members of the GHKL family [69].
3.2. Activation states of MutL homologs
Upon ATP binding, the N-terminal domains of MutL pro-
teins have been found to physically interact with the C-terminal
domains, potentially altering the endonuclease function in these
domains [68,70]. Since MutL contains weak ATPase activity, the
protein is thought to go through a cycle of dimerization, becom-
ing more compact until ATP is hydrolyzed and the nucleotide is
released [68,71].
The dimerization of the N-terminal domains generates a poten-
tial DNA-binding groove, and mutations in this groove can reduce
the (weak) DNA-binding ability of MutL [72,73]. The closing of the
N-terminal domains also results in the formation of a central chan-
nel between the N-terminal and C-terminal domains, which could
allow MutL to enclose a DNA helix. This DNA binding may also
involve speciﬁc interactions of the ﬂexible linker regions [74]. It
is mainly the N-terminal domain that interacts with MutS, with
MLH1 playing this role in the eukaryotic heterodimers [16,35,75].
The crystal structure of E. coliMutS in complex with the N-terminal
domain of MutL suggests that MutL is loaded onto DNA by binding
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Fig. 3. Structural models for full-length MutL proteins of three organisms. (A) The E. coli MutL homodimer with open (without nucleotide, PDB entries 1x9z and 1bkn) and
closed (AMP-PNP bound, PDB entries 1x9z and 1nhj) N-terminal domains. (B) Yeast MutL (PDB entries 4e4w and 3h4l). (C) Human MutL (PDB entries 3rbn, 3na3, and
1h7s).
to the MutS sliding clamp, and this is required for activation of
MutH [53].
3.3. Comparison of MutL with other GHKL proteins
The GHKL (DNA gyrase, Hsp90, histidine kinase, MutL) super-
family comprises proteins with diverse functions that share the
nucleotide-binding ‘Bergerat’ fold [76]. These proteins contain sev-
eral conserved motifs in their ATPase domains. Most members
of the GHKL family form dimers in which ATP binding and/or
hydrolysis induces large conformational changes due to transient
dimerization of the ATPase domains (Fig. 4).
TheMutL cycle can be compared to that of the chaperoneHsp90,
which is also a constitutive dimer, with N-terminal domains that
dimerize upon ATP binding [77]. Stabilization and conformational
changes of the N-terminal domains of Hsp90 due to nucleotide
binding allow binding to client proteins. Similar regulation is sug-
gested for binding of N-terminal domain of MutL for binding to
MutS or downstream effectors in MMR [78].
4. MutH and MutL C-terminal endonucleases
In MMR the cleavage of the newly synthesized strand is care-
fully orchestrated by activation of an endonuclease. However, two
separate solutions for cleavage have evolved. In most organisms
the endonuclease activity is located in theMutLC-terminal domain.
Only a subset of gram-negative bacteria have aDammethylase that
modiﬁes GATC sites, which are temporarily hemimethylated after
replication and thus provide a signal that allows recognition of the
newly synthesized strand. In that case a site-speciﬁc endonuclease,
MutH, has evolved to transmit the cleavage (Fig. 5) [6].
The strong conservation of the molecular structure and activ-
ities in the MutS and MutL homologs indicates that despite this
difference in the location of the endonuclease activity, the actual
activation of this enzymatic activity is well conserved. Neverthe-
less, the details of their regulation are subtly different. Here we
compare these two cycles (Fig. 6), starting with the activation of
MutH in E.coli.
4.1. Structural organization of MutH enzymes
MutH enzymes are monomeric site-speciﬁc endonucleases that
belong to the type II family of restriction enzymes. The fold ofMutH
belongs to the superfamily of type II restriction enzymes (SCOP
c.52.1) with a PD-(D/E)XK nuclease fold [79,80] (Fig. 5). This is a
large class of site-speciﬁc endonucleases that includes many of the
commonly used restriction enzymes in molecular biology such as
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Fig. 4. Highly simpliﬁed schematic representation of ATP-driven conformational changes in different GHKL-family proteins. (A) ATP binding induces dimerization of the
N-terminal domains of MutL and compaction of the dimer until hydrolysis takes place. (B) ATP binding by Hsp90 induces dimerization of the N-terminal domains and
facilitates interaction with client proteins. (C) ATP-induced conformational changes in the gyrB subunit of DNA gyrase allow for strand passage through the gyrA subunit
[94].
Fig. 5. Structural models for endonucleases in MMR. (A) The E. coli MutH protein (yellow) bound to hemimethylated DNA (PDB entry 2aor, methyl group shown as teal
sphere). (B) The homodimeric C-terminal MutL endonuclease domain of B. subtilis with Zn2+ bound (PDB entry 3kdk). The endonuclease motif (DQHA(X)2E(X)4E) is colored
purple. (C) The heterodimeric C-terminal endonuclease domain of yeast MLH1/PMS1 (PDB entry 4e4w) [88]. (For interpretation of the references to colour/color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Schematic representation of activation of endonuclease activities in MMR
(A) for systems requiring a MutH protein and (B) for systems dependent on MutL
endonuclease activity. The role of MutS during cleavage is not clear.
Sau3AI, HincII andEcoRV. Like other enzymes in this classMutHhas
a two-metal catalytic activity, here activated by magnesium [81].
4.2. Activation states of MutH enzymes
The cycle of MutH enzyme activity has multiple requirements
for full activity: they require metal binding, they have to recognize
the right substrate, hemimethylated GATC, and they require inter-
action with activated MutL for efﬁcient cleavage. MutH enzymes
require metal binding for catalytic activity, providing a potential
regulatory site. Next the interaction with the correct substrate pro-
motes activity [81]. The hemimethylated GATC is recognized with
∼4-fold higher afﬁnity than an unmethylated site, and only this
hemimethylated site leads to efﬁcient activation. Structural com-
parison between a complex of MutH with hemimethylated versus
the complexwith unmethylatedDNA revealed that conformational
changes in the DNA, rather than direct contact with the methyl
group, provides these differences [81]. These lead to a stabiliza-
tion of its C-arm, causing minor rearrangements in the active site
residue Lys 79ofMutH leading to reorganizationof the entire active
site into a catalytically competent state.
Finally andmost importantly,MutH requires activation byMutL
in a MutS, mismatch and ATP dependent manner [81,82]. This
involves a rearrangement in MutL that promotes interaction with
MutH. Therefore the MutS-dependence can be bypassed by site-
speciﬁc crosslinking of MutL to MutH, to cause full activation of
the endonuclease activity of MutH at physiological salt concentra-
tions [83]. Crosslinking and mutagenesis have given insight in the
interfaces involved, but how the mismatch-dependent and MutS-
dependent changes promote this binding is not fully understood,
and this requires further structural analysis.
Intriguingly, the -clamp has a role for activation of endonu-
clease activities in MutL homologs, but does not seem to do this
for MutH [84]. Accordingly, mutation in MutL interaction domains
for -clamp are more detrimental in Bacillus subtilis (which has an
endonuclease in MutL) than in E. coli (which has MutH endonucle-
ase activity) [85]. Nevertheless, there are additional roles for the
-clamp in repair. These may be at replication steps of the repair
cascade [84,85].
4.3. Structural organization of MutL C-terminal endonucleases
In all organisms, despite low sequence conservation, the C-
terminal domains of MutL homologs have conserved a similar fold,
consistingof one subdomainwithan important role indimerization
and a second regulatory subdomain. Structurally the C-terminal
domain resembles the iron-dependent repressor protein family
[86].Within that family, theB. subtilisMutLZn2+ binding site resem-
bles the ScaR repressor most [87].
In organisms that lack MutH, the helix connecting the sub-
domains contains conserved residues required for endonuclease
activity. In these MutL variants the linker residues are arranged
such that they allow metal binding, creating catalytic activity,
whereas this activity is lost in e.g. E. coli MutL [6,87].
The activity makes use of a composite active site, where one
subunit delivers an important loop into the active site of the other
subunit. In the heterodimer of human MLH1 and PMS2 the active
site is found on PMS2, with the C-terminal cysteine from MLH1
directly coordinating the Zn metal ions [88]. In comparison to MutL
homolog dimers lacking endonuclease activity a larger interface is
buried in these C-terminal dimers, almost doubling the interface
[88,89].
4.4. Activation states of MutL endonuclease domains.
The MutL endonuclease domains function as metalloproteases,
but the precise metal properties seem to vary between species.
In the human PMS2 and B. subtilis MutL in vitro two metals are
bound, a regulatory Zn2+ and a catalytically necessary Mn2+. In
other species (e.g. Neisseria) other metals have been observed to
bind and precise details of metal regulation will need further anal-
ysis.
Since there is no site-speciﬁcity for the MutL endonucleases,
the search for newly synthesized strand is different from E. coli. It
seems that PCNA interaction can provide this information [90], as
it promotes MutL endonuclease activity [19], possibly by orien-
tational loading [91]. It is clear that clamp-dependent activation
of the endonuclease is particularly important in the absence of
Exonuclease 1, but even when Exo1 is present PCNA interaction
can stimulate MutL endonuclease endonuclease activity in these
organisms [24].
The major activation step of the endonuclease activity is
provided by the activated MutS/MutL complex. In practice, the
mismatch-dependent activation of the MutL endonuclease seems
to follow analogous activation process, with similar requirements
for conformational changes from the side of MutS and MutL as
those observed for MutH in E.coli. Hence it is likely that the actual
activation occurs upon the mismatch, MutS and ATP induced rear-
rangement of MutL [89].
However, in species with homodimeric MutL the regulation
must necessarily be more complex, as a homodimeric endonucle-
ase could in principle cause a double-strand break [87]. It seems
that the processivity clamp interacts such that it allows activity of
only one of the two subunits. Thus the clamp plays a dual role here:
activation of one subunit and inhibition of the second [87].
5. Concluding remarks
The proteins in MMR have evolved to complex machines that
can be controlled and regulated. In this manner MutS/MutL and
the endonuclease provide multiple levels of regulation, that can be
independently controlled in MMR. Structural analysis has started
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to reveal states of individual modules, but how these are intercon-
nected we are only beginning to understand.
There are other systems that make use of the same ATPase
machinery and the basic molecular transitions and ATPase cycles
seem tobewell conserved and function in relatedmanners. Intrigu-
ingly there is at least one bacterial type II restriction endonuclease
that combines a GHKL ATPase domain with a domain with PD-
(D/E)XK nuclease fold, as in MutH within a single protein [80]. Thus
evolution has found different ways to combine the GHKL ATPase
domain with an endonuclease. Clusters of GHKL-proteins and S5
proteins (MORC) often also contain SMC-type proteins, indicat-
ing conservation of the combination of functions as found in MMR
proteins [92].
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